G raphene is a particularly attractive material for band structure engineering due to its bulk being directly exposed for manipulation. The three major approaches for graphene band structure engineering are (1) moiré superlattices [1] [2] [3] , which give high-quality results, but lack the design flexibility of top-down lithography, (2) indirect structuring, where the immediate surroundings are subject to nanostructuring 4, 5 
, and finally (3) nanostructuring, which by quantum confinement effects offers the most permanent and pervasive changes of the electronic properties, as well as being essential for miniaturization of graphene devices. To observe the full extent of these effects in electronic transport experiments, charge transport should be ballistic, with the mean free path, l e , being larger than the minimum feature size of the system, w. Furthermore, the energy scale of the quantum confinement should be larger than the energy scale associated with the disorder of the system 6 . While the mean free path of pristine graphene can be tens of micrometres at cryogenic temperatures 7, 8 , residual disorder limits the available system sizes. In particular, even state-of-the-art ultra-clean graphene devices show residual carrier densities in the range of ~1 × 10 10 cm −2 (refs. 9, 10 ). This sets the disorder energy scale at π ℏṽ n 10 meV F (with ℏ, v F and n being the reduced Planck's constant, the Fermi velocity and the carrier density, respectively), which in turn, using the typical scaling of graphene nanoribbons 11 , means that the minimum feature size of the system should be kept below 100 nm to observe the band structure changes from quantum confinement. For state-of-the-art nanostructured graphene, the residual charge carrier densities are even higher, which further restricts the required system sizes 12, 13 . Top-down patterning of graphene on this scale is very challenging without compromising the quasi-ballistic condition, l e ≥ w, as has been shown for graphene nanoribbons 6, 14 . This has led to more than a decade of research into ways of achieving the dense nanostructuring of graphene without compromising the transport properties, but so far disorder at edges increasingly dominates transport measurements as the pattern densities increase [15] [16] [17] . Figure 1 summarizes a subset of key experimental works 12, 13, [18] [19] [20] [21] [22] [23] [24] featuring two-dimensional (2D) nanostructured graphene as well as microscale Hall bars 24 , with the reported charge carrier mobility, μ, plotted against the minimum feature size of the system. Here, the mobility is calculated from the Drude model of conductivity, σ = neμ, where e is the electron charge. In early devices fabricated from non-encapsulated graphene, extremely small and dense features have indeed been achieved with block copolymer 18 masks, electron-beam lithography (EBL) 19, 22, 23 , nanosphere lithography 21 and nano-imprint lithography 20 . However, the resulting charge carrier mobilities and associated mean free paths in these works were too low to support quantum transport of the charge carriers beyond semi-classical transport. A clear trend is seen, where higher pattern densities lead to strongly decreasing mobilities, which can be attributed to the increasing contribution of scattering from rough edges. Recently, however, progress was made using van der Waals (vdW) heterostructures of graphene encapsulated in hexagonal boron nitride (hBN) 12, 13, 25 . Patterning through vdW heterostructures not only provides protection of the graphene channel, but also the edges 12 , which obviously become increasingly important at higher pattern densities. While these nanostructured heterostructures display clear commensurability oscillations 12, 13, 26, 27 , vdW heterostructures with stronger confinement (higher pattern density) are needed to reach the quantum regime, as is apparent from Fig. 1 .
Here we show that band structure engineering by top-down lithographic patterning of hBN encapsulated graphene can be done * Two-dimensional materials such as graphene allow direct access to the entirety of atoms constituting the crystal. While this makes shaping by lithography particularly attractive as a tool for band structure engineering through quantum confinement effects, edge disorder and contamination have so far limited progress towards experimental realization. Here, we define a superlattice in graphene encapsulated in hexagonal boron nitride, by etching an array of holes through the heterostructure with minimum feature sizes of 12-15 nm. We observe a magnetotransport regime that is distinctly different from the characteristic Landau fan of graphene, with a sizeable bandgap that can be tuned by a magnetic field. The measurements are accurately described by transport simulations and analytical calculations. Finally, we observe strong indications that the lithographically engineered band structure at the main Dirac point is cloned to a satellite peak that appears due to moiré interactions between the graphene and the encapsulating material.
on a 10 nm scale, as seen in the inset of Fig. 1 , while maintaining ballistic transport properties on the scale of the minimum feature size. The patterned graphene devices display insulating behaviour consistent with the formation of an electronic bandgap, and ballistic transport at Fermi energies larger than the gap. Furthermore, magnetotransport measurements match extraordinarily well with tight-binding simulations of antidot lattices as well with a simple model of Dirac fermions in a strongly confining ring geometry 28 , and are thus well described as a quantum system consisting of such connected 'Dirac rings' . Our measurements confirm several theoretical predictions for such band structure engineered graphene, including a sizeable and magnetically tunable bandgap [28] [29] [30] , magnetically confined edge states 31 and nonlinear Landau levels 28 . Furthermore, despite the 10 nm scale patterning of the graphene, the experimental signatures of an interfacial moiré superlattice turn out to be present both before and after nanostructuring. For the nanostructured graphene, it appears that the unique transport features are cloned by the moiré superlattice, suggesting an intricate interplay of the engineered and interfacial superlattices with the electronic band structure.
Device architecture and low-field transport
The vdW heterostructures used in this study consist of monolayer graphene encapsulated in hBN on a graphite back gate. The heterostructures are shaped into multi-terminal Hall bars with one half nanostructured into an array of holes, as illustrated in Fig. 2a . Full details of the fabrication are provided in Supplementary Section 1. This geometry allows us to simultaneously measure the longitudinal and transverse resistances (R xx and R xy ) of the pristine and nanostructured graphene in a single device, thus directly measuring the effect of the nanostructuring. Figure 2b shows the temperature dependence of the longitudinal resistivity ρ xx = (W/L)R xx against back-gate voltage V G of pristine and nanostructured graphene, with L = 4 μm and W = 2 μm being the distance between the voltage probes and the width of the channel, respectively. After nanostructuring the graphene is slightly p-doped relative to the pristine graphene, an effect that has previously been reported in nanostructured graphene 32 . The pristine graphene shows a small increase in resistivity near the Dirac point on cooling to 4 K, but is otherwise metallic, as expected. In contrast, the nanostructured part of the device exhibits strongly insulating behaviour in a wide range of gate voltages around the Dirac point, with a significant increase in resistance on cooling. This insulating behaviour is also observed in the magnitude of the resistivity, ρ xx > h/e 2 , which is consistent with the Ioffe-Regel criterion for 2D semiconductors 33, 34 , where h is Planck's constant. The width of the insulating regime, ΔV G ≈ 2.1 V, can be used to estimate 14, 35 the energy gap E G = 2Δ 0 in the nanostructured graphene (Supplementary Section 3.3), yielding Δ 0 ≈ 78 meV. Here the half-gap Δ 0 is the energy from the Fermi level to either the top of the conduction band or the bottom of the valence band. From Arrhenius measurements we extract a small moiré-induced halfgap (Δ m ≈ 14 ± 1 meV) in both the pristine and nanostructured regions. In addition to this, the high temperature data for the nanostructured graphene corresponds to a half-gap of 74 ± 11 meV (Supplementary Section 3.2).
Considering the unusually large charge carrier mobility for such small and dense nanostructuring, as shown in Fig. 1 , we equate the insulating behaviour with the formation of a bandgap in the electronic spectrum, as theoretically predicted for such systems 28, 29, 31 . Gapped behaviour is also observed in the measured Hall charge carrier density, as shown in the lower panel of Fig. 2c . The measured density fits well with the calculated charge carrier density for explicitly gapped graphene, with a half-gap of 78 meV (Supplementary Section 2.3). As we show below, this gap also matches well with the bandgap extracted from an analytical model of Dirac fermions confined to a ring of width w, where the half-gap is given by Δ 0 = 1 eV nm/w. With an estimated w = 12-15 nm of our structures, the analytical model predicts a half-gap of 67-83 meV. We further note that we observe a large ρ xy signal of ~0.3h/e 2 at B = 0 T, as shown in Supplementary Section 3.5. Such a signal is indeed expected from a gap-induced non-zero Berry curvature 36 , but further experiments are needed to fully confirm this. Regarding the ballistic behaviour, the mean free path of charge carriers (l e ) in the nanostructured graphene is nearly constant at all measured temperatures and charge carrier densities away from the insulating region. As shown in Fig. 2c , l e is clearly reaching the minimum feature size of our system, which indicates ballistic transport and low amounts of disorder, despite the dense nanostructuring. Here we have used l e = σh/2e
H is the Fermi wavevector, σ is the conductivity and n H is the measured Hall charge carrier density from R xy = −B/n H q, with charge q and non-quantizing magnetic field B. We attribute the high quality of our transport to extremely low edge roughness, as indicated by the high intervalley scattering length 37 (l i ) on the order of 50-60 nm, which is significantly higher than any relevant length scale of our system. Finally, for the pristine graphene we observe satellite peaks in the resistance at gate voltages of approximately ±7.6 V relative to the main charge neutrality point, consistent with the presence of a moiré lattice induced by a slight misalignment between the graphene and the encapsulating hBN. Surprisingly, for the nanostructured graphene, the satellite peak on the hole side is still present despite the dense nanostructuring. For a device to be fully in the quantum regime (green shaded area), it should display ballistic transport (sloping dashed line) at energy scales larger than the disorder limit (vertically dashed line). As the energy scale associated with quantum confinement is inversely proportional to the minimum feature size, aggressive scaling is the most feasible route towards the quantum regime. However, as conventional devices are scaled down, edge roughness starts to dominate the transport properties, pushing them away from the ballistic limit. Inset, Scanning electron microscopy image of the van der Waals heterostructure used in this study after nanostructuring has been performed. The pattern consists of highly regular, triangularly arranged holes with a period of 35 nm and minimum feature sizes of w = 12-15 nm. Due to the high density of holes, the resulting structure can be considered a network of connected rings of width w, as indicated by the dotted outlines. These structures display ballistic transport despite the extreme density of edges, indicating a very low line-edge roughness. EBL, electron-beam lithography; NSL, nanosphere lithography; NIL, nano-imprint lithography; BCP, block copolymer.
Magnetotransport before and after patterning
We performed magnetotransport measurements, measuring the longitudinal conductivity,
as a function of V G and the applied magnetic field B. The resulting σ xx for both the pristine and nanostructured graphene is shown in Fig. 3 . The pristine graphene displays the expected linear Landau level sequence of monolayer graphene, along with the now routinely reported moiré superlattice effects consistent with a small twist angle with respect to the hBN [1] [2] [3] . The overall shape and magnitude of the magnetotransport data in Fig. 3a , including the characteristic asymmetry on the hole and electron side, closely resembles the data presented in ref. 2 . We observe additional satellite peaks corresponding to moiré periods of λ m,1 = 10.2 nm and λ λ = .
≈ 17 2 nm 3 m,2 m ,1 . The possible origins of periods larger than the often-quoted 14 nm limit 38 are discussed in Supplementary Section 3.1. The nanostructured graphene, on the other hand, exhibits energy levels for which the carrier density varies nonlinearly with the magnetic field, and which intersect the zero-field line at non-zero gate values (indicating E ≠ 0). Furthermore, the bandgap-induced insulating regime discussed above and in Fig. 2 is seen to be tunable by the magnetic field, and decreases as the magnetic field strength is increased. Finally, a splitting of the zero-energy level independent of the magnetic field is observed, which is sometimes seen in high-quality samples with a small moiré gap 3, 9, 10 . Despite the famously robust quantum Hall effect in graphene 39, 40 , all of the prominent features of the nanostructured graphene clearly deviate from the pristine graphene Landau fan. Interestingly, despite the ultra-dense nanostructuring, the moiré effects corresponding to the 10.2 nm period are still present, while the 17.2 nm effects are missing. We speculate that the effects of the 17.2 nm secondary moiré period are quenched because they exceed the minimum feature size of the nanostructured graphene. However, the exact cause warrants further investigation, and we are not aware of any theoretical investigations into this interplay.
Comparison with simulations and the analytical model
To gain insight into the observed quantum transport behaviour of the nanostructured graphene, we compared our data to ensemble-averaged recursive Green's function tight-binding transport simulations 41, 42 , as shown in Fig. 4a and outlined in the Methods. Without any fitting, the simulations match extraordinarily well with the measurements, both in terms of shape, position and magnitude of the observed bands. We take this agreement as evidence that the calculated band structure of the quantum simulations accurately reflects the engineered band structure of the nanostructured graphene. Furthermore, we observe so-called magnetically bound states, confined to the perimeter of the nanostructured holes. Semiclassically, these states correspond to periodic skipping orbits, as shown schematically in Fig. 4b , and are analogous to Weiss oscillations 43 . In experiments, certain conditions must be met for these states to be present: (1) there should be a skipping orbit with an integer number of reflections, n r , along the perimeter of the hole, (2) the Fermi level is not located in the bandgap (2Δ), |E| > Δ and (3) given the magnetic field, the wavefunction must be in phase after one orbit. Given these conditions, the oscillation period of the magnetoresistance can be shown to follow where R 1 is the radius of the hole. Figure 4c shows part of ρ x x from the nanostructured graphene, where we observe oscillations with a spacing of ΔB ≈ 1.2 T. Using equation (1) this corresponds to a diameter of ~21 nm, matching well our expected feature sizes. The agreement between measurements and tight-binding simulations prompted us to further compare the data with a simplified analytical model that describes Dirac fermions confined to a ring geometry, that is, a Dirac ring. This allows us to establish a simple physical picture of the observed magnetotransport features. The resulting eigenvalue spectrum as a function of energy and magnetic field is provided in Fig. 4d for a ring with an inner and outer radius of 11 nm and 23 nm, respectively. The red (blue) bands correspond to K (K′) valley-polarized states, and each band corresponds to a unique set of radial and momentum quantum numbers, n and m, respectively. Details of the model are provided in Supplementary Section 2.2. The model captures all the main features of the measurements, including energy levels that vary nonlinearly with the magnetic field, energy levels that intersect at E ≠ 0 and the presence of a bandgap that is tunable by the strength of the applied magnetic field. Specifically, the model predicts a zero-field half-gap at B = 0 T, given solely by the width of the Dirac ring, of Δ 0 = 1 eV nm/w. The sublinear bands intersect at E ≠ 0, in contrast to the linear Landau levels of pristine graphene, in agreement with our measurements (Fig. 4a) . For the Dirac ring, emergent bands intersect at E = lΔ 0 , where l is an odd integer and with Δ 0 thus serving as the characteristic energy-scale. Although the K and K′ valleys are degenerate at zero magnetic fields, the degeneracy is lifted at finite magnetic fields, with the top of the K-valley valence band increasing in energy, while the bottom of the K′-valley conduction band decreases in energy as the magnetic field strength is increased. This shows that the Dirac rings could be an interesting system for valley-electronics.
In Fig. 4e we directly compare the positions of the observed bands from experiments, tight binding and the analytical model, and find striking agreement, especially at lower values of V G . For the analytical model we do not observe all the available energy levels, but do find a strong agreement for quantum numbers n = 1 and 0 ≤ m ≤ 6. For the Dirac ring model, the m < 0 quantum numbers correspond to energy levels predominantly localized at the outer perimeter 28 , which can explain why these states are not observed in the experiments, which are not isolated rings.
The tunability of the bandgap is shown in Fig. 4f , where we directly compare the half-gaps from the experiments, tight binding and the analytical model. Here the half-gap is normalized to the zero-field half-gap as Δ/Δ 0 and is plotted against the ratio of the minimum feature size to the magnetic length, = ∕ l h eB B . With this scaling, any ring of the analytical model, regardless of the inner and outer radii, will trace the same line, and vice versa for the tightbinding model. We again observe a strong agreement between the tight binding and the experiments, while the bandgap predicted by the analytical model closes much more slowly. As the ratio w/l B increases, the charge carriers are increasingly localized by the magnetic field, to the point where they no longer feel the effect of the confinement, which in turn closes the bandgap. The behaviour of the gap closing in the analytical model is given by the m < 0 energy levels, which (cf. the previous discussion) are not observed in the experiments and could account for the discrepancy. Tunable bandgaps are expected to vanish in the presence of disorder 30, 31 , further indicating that the structures considered in our work have extraordinarily low edge roughness.
Moiré interaction with the engineered band structure
Finally, we turn our attention to possibly the most striking feature of our data, which is the presence of the moiré-induced satellite peak present after nanostructuring. In the pristine graphene the influence of the moiré-induced potential causes second-generation Dirac cones to appear near the supercell Brillouin zone edges 44 , which subsequently form their own Landau levels under the application of a magnetic field. However, in our nanostructured graphene, the behaviour at the satellite peak is markedly different; instead of second-generation massless Dirac fermions, the behaviour is similar to that of the main neutrality point of the nanostructured graphene (Fig. 5) . In particular, the magnitude and width (in V G ) of the insulating region decreases on increasing the magnetic field. Here it is clear that the magnetoresistance of the two peaks in the pristine graphene is positive, as expected for graphene, while the nanostructured graphene exhibits a clear negative magnetoresistance in both peaks, associated with the closing bandgap. From tightbinding calculations it has been shown that the details of the charge carriers at the main neutrality point, such as Fermi velocity or sublattice symmetry breaking, directly influence the higher-energy second-generation Dirac fermions 45, 46 . Furthermore, from magnetic focusing experiments it has been shown that the specific sample geometry also influences the second-generation Dirac fermions 47 .
Because the behaviour at the main neutrality point in our sample is also governed by the sample geometry, it stands to reason that this should also govern the second-generation Dirac fermions. While it is generally believed 2 that moiré superlattices lead to self-similar transport behaviour, at this point in time it is unclear to what degree the substrate-induced moiré interaction is expected to clone the features of the main neutrality point in systems with substantially engineered band structures such as ours.
Conclusions
The highly regular, low-edge-disorder quality of our nanostructured graphene, along with the excellent agreement with quantum simulations and analytical models, clearly demonstrates that top-down fabrication is a viable route towards true band structure engineering and sophisticated manipulation of the quantum transport behaviour of graphene devices. The realization that nanolithography on the scale of the Fermi wavelength is possible without compromising graphene's excellent transport properties represents a significant breakthrough in the decade-long effort to realize the many exciting theoretical predictions based on 'perfectly' nanostructured materials. Even the most delicate features, for example, effects due to the moiré interference at interfaces, are preserved by the techniques described here. Furthermore, the possibility of combining nanostructuring with moiré superlattice effects in graphene opens up exciting possibilities in atomic-scale band structure engineering of 2D materials.
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Methods
Device fabrication. The vdW heterostructures used in this study were fabricated using the so-called hot pick-up technique 24 , based on ref. 8 , and the technique is described in detail in Supplementary Section 1. The device consists of hBNencapsulated graphene situated on a graphite back gate, where the top and bottom hBN are 6 nm and 30 nm thick, respectively. After vdW stacking, the device was shaped into a multi-terminal Hall bar and contacted using Cr/Au (5 nm/50 nm) edge contacts 8 . Both steps were performed using standard EBL techniques. After metallization and liftoff, all the terminals of the Hall bar were electrically characterized at room temperature to ensure that the sample was homogeneous and of high quality.
For the nanostructured graphene, single-shot EBL was used to define a triangular array of holes with a centre-to-centre distance of 35 nm, estimated diameter of 20-23 nm and minimum feature size of w = 12-15 nm. Due to a consistent etch angle of ~66° in hBN (Supplementary Section 1.3) it is critical to have a thin top hBN crystal in order to achieve a successful pattern transfer into the underlying graphene.
Electrical characterization. All electrical measurements were performed using either standard lock-in techniques (17.77 Hz and 30 nA source current) or using Keithley 2182a nanovoltmeters with a Keithley 6221 sourcing a current of 30 nA in delta mode. Magnetotransport was performed in an Oxford TeslatronPT, with a base temperature of 1.5 K. Unless stated, all temperatures were 4 K.
Ensemble-averaged tight-binding simulations. The tight-binding simulations were carried out exactly the same way as in ref. 31 , and are briefly outlined here. In the nearest-neighbour orthogonal tight-binding model, the Hamiltonian can be written as , where
is the transmittance. We use the recursive Green's function method outlined in refs. 41, 42 . to extract the relevant elements of the retarded Green's function G = ((E + iε)I − H − Σ L − Σ R ) −1 , where H is the Hamiltonian matrix, and Σ L/R are the self-energies of the left and right leads. A small imaginary factor iε = −it10 −4 is added for numerical stability. Because our structures are periodic in the y direction, any given crystal structure will lead to delicate fractal-type features, unique to the given atomic configuration. However, these features can effectively be suppressed by averaging over several unique atomic configurations, as shown in Supplementary Section 2. 
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